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In vitro cell culture offers the advantage that
cells from different stages of transformation
can be isolated for detailed studies.
Therefore, in vitro systems are useful for
measuring the parameters needed for biolog-
ically based dose–response modeling. An in
vitro system that has been used widely to
assess the carcinogenic potential of chemicals
is the Syrian hamster embryo (SHE) cell
transformation system (1,2). Three impor-
tant advantages of the SHE cell transforma-
tion system are that the cells exhibit a low
frequency of spontaneous transformation;
they readily demonstrate neoplastic transfor-
mation upon treatment with chemical car-
cinogens (1); and there exists a large database
(2–4) on the carcinogenic potentials of
chemicals.
We chose the two-stage Moolgavkar-
Venzon-Knudson (MVK) model (5–7),
which incorporates cell division, death, and
mutation rates into the mechanistic descrip-
tion of malignant transformation, as the
framework to describe the growth of SHE
cells after exposure to chemical carcinogens.
Cell division and death rates determine the
population growth within each stage. Further,
mutation likely occurs only at cell division.
The modified multistage carcinogenesis
model for SHE cell neoplastic progression is
shown in Figure 1. Normal cells in culture
cease proliferation after a limited number of
cell divisions, a process called cellular senes-
cence. Escaping from senescence to become
immortalized is the ﬁrst important step dur-
ing carcinogenesis in SHE cells and in many
other cell types. Chemical carcinogens will,
at some frequency, induce mutations in nor-
mal SHE cells that allow them an unlimited
life span in culture. However, some chemical
carcinogens, depending on the exposure
concentrations, may inhibit the growth of
SHE cells and shorten their life span instead
of inducing immortal cell lines. Upon con-
tinued treatment with carcinogens, immor-
talized SHE cells will subsequently acquire
additional mutations, some of which will
confer the next important phenotypes—
anchorage-independent growth and tumori-
genic phenotypes. The verification of the
conceptual model (Figure 1) and its ﬁve phe-
notypic stages require experiments involving
different chemicals because no single chemi-
cal provides experimental results for all ﬁve
phenotypic stages.
Based on the conceptual model pre-
sented in Figure 1, equations can be written
to describe the time-dependent changes in
the numbers of normal and senescent cells.
We assume that the rate of change in the
number of normal cells, dN(t)/dt, is propor-
tional to the number of normal cells at any
time:
[1]
In Equation 1, α and β represent the speciﬁc
rates of cell division and death (units of reci-
procal time) for normal cells, respectively,
whereas γ is the speciﬁc rate at which normal
cells convert to senescent cells (units of reci-
procal time).
Similarly, the rate of change in the
immortal cells, dI(t)/dt, has the same expo-
nential growth property (with αi and βi
being the specific rate of cell division and
death, respectively), but there is also input of
mutated normal cells:
[2]
The mutation rate, µ, is deﬁned as the prob-
ability that a normal cell will divide into one
normal cell and one immortal cell (immor-
tality/cell division). The product of the
mutation rate µ, the division rate α, and the
number of normal cells describe the rate of
change of the immortal cells caused by
mutation.
The rate of change in the number of
senescent cells, dS(t)/dt, is proportional to
the speciﬁc senescence rate, γ, and the num-
ber of normal cells, because all senescent
cells arise from normal cells:
[3]
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We modified the two-stage Moolgavkar-Venzon-Knudson (MVK) model for use with Syrian
hamster embryo (SHE) cell neoplastic progression. Five phenotypic stages are proposed in this
model: Normal cells can either become senescent or mutate into immortal cells followed by
anchorage-independent growth and tumorigenic stages. The growth of normal SHE cells was
controlled by their division, death, and senescence rates, and all senescent cells were converted
from normal cells. In this report, we tested the modeling of cell kinetics of the ﬁrst two pheno-
typic stages against experimental data evaluating the effects of arsenic on SHE cells. We assessed
cell division and death rates using ﬂow cytometry and correlated cell division rates to the degree
of confluence of cell cultures. The mean cell death rate was approximately equal to 1% of the
average division rate. Arsenic did not induce immortalization or further mutations of SHE cells at
concentrations of 2 µM and below, and chromium (3.6 µM) and lead (100 µM) had similar nega-
tive results. However, the growth of SHE cells was inhibited by 5.4 µM arsenic after a 2-day
exposure, with cells becoming senescent after only 16 population doublings. In contrast, normal
cells and cells exposed to lower arsenic concentrations grew normally for at least 30 population
doublings. The biologically based model successfully predicted the growth of normal and arsenic-
treated cells, as well as the senescence rates. Mechanisms responsible for inducing cellular senes-
cence in SHE cells exposed to arsenic may help explain the apparent inability of arsenic to induce
neoplasia in experimental animals. Key words: Arsenic, cancer modeling, cell proliferation, senes-
cence, Syrian hamster embryo cell. Environ Health Perspect 109:1207–1213 (2001). [Online
21 November 2001]
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ArticlesThe goal of this work was to determine
the rates of SHE cell division, death, senes-
cence, and immortalization after exposure to
arsenic, a known human carcinogen, and to
evaluate the ﬁrst stages of the modiﬁed mul-
tistage carcinogenesis model (Figure 1) for
their ability to describe SHE cell growth
dynamics. To obtain model predictions, we
ﬁrst determined values of the mutation rate
µ, the division rate α, the death rate β, and
the senescence rate γ by analyzing experi-
mental data; we then used these values to
simulate cell growth and senescence during
four passages after exposure to a range of
arsenic concentrations.
The justification for the modeling
approach integrated with experimental veri-
ﬁcation is 3-fold: a) to work toward predic-
tive capability, particularly when our
conceptual model has been verified for all
the phenotypic stages by a working set of
chemicals; b) to incorporate more biologi-
cally relevant stages into the MVK model
such that chemicals with carcinogenic activi-
ties at early or later stages may be identiﬁed
and predicted on the basis of focused experi-
ments using the SHE cell system; and c) to
expand the SHE cell system to a more versa-
tile short-term assay for carcinogenic poten-
tial of chemicals by integrating with
computer modeling.
Materials and Methods
Cell culture. Golden Syrian hamsters
(Charles Rivers Laboratories, Kingston, NY)
at gestation day 13 were the sources of the
primary embryo cells. The methods of estab-
lishing normal SHE cells were previously
described by LeBoeuf et al. (8,9). Cell cul-
tures were grown in Dulbecco’s Modified
Eagle’s Medium-LeBoeuf’s modification
(Quality Biological Inc., Gaithersburg, MD)
supplemented with 10% fetal bovine serum
(Summit Biotechnology, Fort Collins, CO), 4
mM L-glutamine (Life Technologies, Grand
Island, NY), 50 units/mL penicillin, and 50
µg/mL streptomycin (Life Technologies).
Cells were incubated in humidified atmos-
phere with 10% CO2 in air at 37°C.
Measurements of the life span of SHE
cells. A vial of cryopreserved SHE cells was
seeded in a T-150 ﬂask and re-fed after 4 hr.
After three days of incubation, cells were
replated in 60-mm petri dishes at 4 × 104
cells per dish and incubated for 24 hr. Cells
were then exposed to sodium m-arsenite for 2
days at four concentrations: 0.5, 1.0, 2.0, and
5.4 µM. The highest concentration, 5.4 µM,
is the lethal concentration 50 (LC50) of this
chemical to SHE cells as determined by
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide; thiazol blue)
assay. Parallel cell cultures were exposed to
3.6 µM chromium (a 1:1 mixture of
chromium chloride hexahydrate and
chromium oxide) and 100 µM of lead acetate
trihydrate for 2 days. The four compounds
used in the exposure experiments were pur-
chased from Sigma Chemical Company (St.
Louis, MO). We determined the life spans of
SHE cells following serial passages. Cells
were passaged once a week and replated at 4
× 104 cells in 4 mL of culture medium per
60-mm petri dish. Cell lines were determined
to be senescent when they did not need to be
passaged for more than 3 weeks and
expressed cytoplasmic spreading.
Flow cytometry. We analyzed samples
with an EPICS V cell sorter (Coulter,
Miami, FL) interfaced to a Cicero data acqui-
sition and display system (Cytomation, Inc.,
Fort Collins, CO). Cells were illuminated by
an argon ion laser at 488 nm (500 mW). We
used optical filters to measure fluorescein
isothiocyanate (FITC) at wavelengths
between 515 and 530 nm and propidium
iodide (PI) at wavelengths longer than 610
nm. We used the software programs
Multicycle and Multi2D (Phoenix Flow
Systems, San Diego, CA) to analyze the uni-
variate PI histograms and the bivariate bro-
modeoxyuridine/PI histograms.
Cell division rate measurement. We
measured cell division rates using bromo-
deoxyuridine (BrdU; Sigma Chemical)
incorporation with PI staining (Sigma
Chemical), which allows calculation of
potential doubling time (Tpot), a measure of
cell cycle time that takes growth fraction but
not cell loss into account (10,11). The rela-
tionship between Tpot and cell division rate
(α) was deﬁned as
[4]
We measured potential doubling times with
flow cytometry by pulse-labeling cells with
BrdU and detecting its incorporation into
DNA by the use of fluorescent antibodies.
The cells were then counterstained by PI to
measure the total DNA content.
The concept of potential doubling time
was proposed by Steel (10). The calculation
of potential doubling times using ﬂow cyto-
metric analysis results was later developed by
Begg et al. (12). Brieﬂy, the Tpot can be cal-
culated as
[5]
where Ts is the period of DNA synthesis,
LI (labeling index) is the fraction of cells
synthesizing DNA, and λ is a correction fac-
tor for the nonlinear distribution of cells
through the cell cycle (10,11). The labeling
index is equal to the fraction of cells labeled
by BrdU. We estimated the period of DNA
synthesis (Ts) from the bivariate histogram
of BrdU incorporation versus DNA content
obtained by ﬂow cytometry and the method
of relative movement reported by Begg
et al. (12).
The method for preparing BrdU-labeled
cells was modified from Larsen (13). SHE
cells were labeled by BrdU for 20 min and
then fixed in 70% ethanol. To partially
denature DNA, we incubated the cells in a
solution of 0.2 mg pepsin in 1 mL 2N HCl
at 37°C for 15 min. The cells were then
incubated with monoclonal mouse anti-
BrdU antibody (Dako, Carpinteria, CA)
with a 1:27 dilution at room temperature for
30 min, followed by fluorescein isothio-
cyanate (FITC)-conjugated rabbit antimouse
antibody (Dako) with 1:30 dilution for 15
min at room temperature. Finally, a solution
T
T
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Figure 1. Conceptual model for SHE cell neoplastic progression. α and β are the cell division and death
rates of normal cells, respectively. Similarly, αi and βi are the division and death rates of immortal cells. µ
and γ are the mutation and senescence rates of normal cells. In this article we focus on the stages sur-
rounded by the dashed line.
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βiof 10 µg/mL of PI combined with 1 mg/mL
of RNase (Sigma Chemical) was added to
stain the DNA.
For division rate measurement, a gate on
peak versus integral fluorescence of the PI
signal was set to eliminate clumped cells. We
analyzed 30,000 gated cells by ﬂow cytome-
try for each sample.
Cell death rate measurement. We mea-
sured cell death rates in a time course study
using a ﬂow cytometric method based on PI
staining specifically related to membrane
damage. PI is taken up by dead cells only
through the damaged membrane and is
excluded by live cells (14). By setting a gate
on forward angle light scatter (FALS), which
is an indicator of cell size, we could partially
exclude debris and clumps from flow cyto-
metric measurement.
SHE cells were plated in parallel at 4 ×
104 cells per dish. Samples were harvested at
72, 96, and 120 hr after plating. After all
cells were collected, they were centrifuged
and resuspended in 1 mL of 50 µg/mL PI
and incubated at room temperature for 5
min; then 2 × 104 cells were analyzed by
ﬂow cytometry for each sample. Cells gated
on FALS were examined on the basis of their
uptake of PI, and the fraction of dead cells in
the sample was obtained from these mea-
surements.
Computer and software packages. The
simulation programs were written in MAT-
LAB (The MathWorks Inc., Natick, MA) and
ACSL Tox (ACSL, Advanced Continuous
Simulation Language; AEgis Technologies
Group, Inc., Huntsville, AL) software pack-
ages and run on a Gateway P5-200 personal
computer (Gateway, Inc., San Diego, CA).
We used the Nelder-Mead simplex method to
optimize model parameters.
Results
Estimation of mutation rates, µ. To estimate
the mutation rate, we had ﬁrst to determine
the life span of SHE cells. SHE cells exposed
to arsenic at 5.4 µM grew for only 16 popu-
lation doublings before becoming senescent
(Figure 2). The senescent cells were clearly
distinct from normal cells in their morphol-
ogy (cytoplasmic spreading) and very low
culture growth rate. Furthermore, these cells
were not dead; they remained attached and
had intact membranes (as determined by
Trypan Blue staining; data not shown). SHE
cells exposed to lower concentrations (0.5,
1.0, or 2.0 µM) of arsenic grew for more
than 30 population doublings and did not
show signiﬁcant differences in growth from
control cells. We observed a similar lack of
effect when SHE cells were exposed to
chromium (3.6 µM) or lead (100 µM) (15).
We observed no cell immortalization
under these arsenic exposure conditions, and
thus the mutation rate, µ, was equal to the
spontaneous immortalization rate of SHE
cells. Bols et al. (16) reported that the sponta-
neous immortalization rate for SHE cells was
calculated to be 6.1 × 10–10/cell/generation
as summarized from literature data. To be
consistent with the units used in the model,
the spontaneous immortalization rate was
converted to 8.8 × 10–10 immortality/(cell
division). This value is apparently an overes-
timate for our cell culture conditions because
it suggests that cell immortalization should
have been observed. Nevertheless, we used
8.8 × 10–10 immortality/(cell division) as the
value of the mutation rate µ in the model.
Estimation of division rates, α. We used
the potential doubling time (Tpot), deter-
mined by a ﬂow cytometric method, to esti-
mate the cell division rate, α (Equation 4).
We observed in normal cells that Tpot was a
function of time after each passaging of the
cells (Figure 3). This effect was presumed to
be a result of cell “crowding” on the petri
dishes. Each passage began with the plating
of 4 × 104 cells on each 60-mm petri dish.
We observed low Tpot values (high cell divi-
sion rates) while the cell density was low
(Figure 4). As the cell density increased,
longer Tpot values (low cell division rates)
were measured, apparently due to decreased
space for cells to grow (Figure 5). The result
that the cell division rate is a function of
“crowding” can be explained by the phe-
nomenon of “density-dependent inhibition
of cell division,” which postulates that nor-
mal cells in culture stop dividing when a
confluent monolayer is formed (17).
Furthermore, a reduction of cell growth
rates was detected when membrane contact
occurred in a study conducted by video
time-lapse microscopy in newborn rat dorsal
root ganglion cells (18).
To incorporate the Tpot values measured
into the model as the cell division rate, we
used a nonlinear regression calculated by
SigmaPlot to predict the relationship between
Tpot (hour) and time after cells were passaged
(hour),
[6]
This regression had a standard error of the
estimate equal to 1.75 hr.
As cells approached senescence, they
grew much more slowly than the normal
cells (Figure 6). We observed Tpot values as
high as 429 hr because only 2.3% of the cells
were growing (LI = 0.023). The crowding
factor did not play a major role in this case.
Estimation of death rates, β. The cell
death rate (β) was constant within each pas-
sage and was defined as the value that pro-
vided the best fit of the following two
equations to the experimental data for nor-
mal (N) and dead (D) cells:
[7]
[8]
A computer program was written in MAT-
LAB to perform the linear regression
required to obtain the death rate, β. The
regression was achieved by using the Nelder-
Mead simplex method to minimize objective
function,
[9]
where ω is the heteroscedasticity parameter.
In this optimization, we used ω = 2 to repre-
sent relative weighting.
We calculated the mean cell death rate as
2.95 × 10–4 ± 0.64 × 10–4 (hr–1). This is
approximately 1% of the average value of the
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Figure 2. Effect of two-day arsenic exposure con-
centrations on the growth of SHE cells. Cell cul-
tures exposed to 0, 0.5, 1.0, and 2.0 µM arsenic
were still growing at the time the experiment was
stopped.
Figure 3. The change of SHE cell potential doubling
time (Tpot) as a function of time after cell passage.
Error bars indicate SD. The nonlinear regression is
from the exponential equation Tpot = 12.4 + 0.0913 ×
e0.0432 × time. SE of the estimate = 1.75 hr.
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Result of nonlinear regressiondivision rates. We observed no significant
differences between the cell death rates of
control and arsenic-treated cell lines.
Estimation of senescence rates, γ. The
potential doubling times measured from the
third and fourth passages of cells exposed to
5.4 µM of arsenic were much longer than
those from the normal cells. From visual
observation of the cells, we hypothesized that
the increased potential doubling times of cells
in these passages were caused by the increased
fraction of senescent cells. In the following
three sections, we first demonstrate the
validity of this hypothesis, which also
explains that cells exposed to 5.4 µM
arsenic were becoming senescent during the
third and fourth passages. Next, we derive
the relationship between the senescence
rate, γ, and the increased potential doubling
time. Finally, we calculated the senescence
rates by the potential doubling times mea-
sured from cells in the process of becoming
senescent.
Demonstration of senescent cells causing
the increases of potential doubling times. In a
population containing both normal and
senescent cells, the measured potential dou-
bling times were affected by not only the
“crowding” of cells on the petri dish, but
also by the fraction of senescent cells.
Thus, the more senescent cells in the popu-
lation, the longer the Tpot. We determined
the impact of the senescent cell popula-
tions on the Tpot values by normalizing the
Tpot values by those measured at the third
day after the cells were passaged (Figure 7).
The normalized Tpot values provided infor-
mation about the change of Tpot values
within each passage, with all data presented
Articles • Liao et al.
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Figure 4. The growth of normal SHE cells at low cell density (control cells at 72 hr after third passage). (A) Photomicrograph (bar = 100 µm). (B) Histograms from
ﬂow cytometric analysis represent the measurement of DNA content and (C) BrdU incorporation versus DNA content. (D) Parameters obtained from ﬂow cyto-
metric histogram analysis. 
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Figure 5. The growth of normal SHE cells at high cell density (control cells at 120 hr after third passage). (A) Photomicrograph (bar = 100 µm). (B) Histograms from
ﬂow cytometric analysis represent the measurement of DNA content and (C) BrdU incorporation versus DNA content. (D) Parameters obtained from ﬂow cyto-
metric histogram analysis.on a comparable scale. The standard curve
represents the change of Tpot values caused
only by the effect of crowding on normal
cells (normalized from Equation 6). In all
samples shown in Figure 7, Tpot values were
measured only on the third and fifth days
after cell passage.
The changes of the normalized Tpot val-
ues in control cells and cells exposed to the
three lower concentrations of arsenic all fol-
lowed the same pattern as standard curve,
which suggests that their Tpot values were
affected only by cell densities and not by
senescence. For cells exposed to 5.4 µM
arsenic, the normalized Tpot values increased
1.8- and 1.9-fold during the third and
fourth passages over two days, but with only
slight increases in the cell numbers. In con-
trast, the normalized Tpot values of the stan-
dard curve did not increase signiﬁcantly with
the same change in cell number. These
results support the hypothesis that the senes-
cent cells in the population lowered the
labeling index and in turn caused the
decreased growth rate of the whole popula-
tion, i.e., the increased Tpot values. We can
also conclude that cells exposed to 5.4 µM of
arsenic were becoming senescent during the
third and fourth passages.
The relationship between senescent cell
numbers and potential doubling times.
Because it is difficult to separate senescent
cells from normal cells, we calculated the
senescent cell numbers from the relationship
between the measured potential doubling
times and total cell numbers. The relation-
ship is based on the phenomenon that the
presence of senescent cells causes the
decreased growth rate of the population. To
distinguish the cell division rates measured
in different populations, Equation 1 can be
rewritten as
[10]
The normal cell division rate (αnormal) is the
true cell division rate of normal cells, distin-
guished from the overall division rates that
were actually measured at the third and
fourth passages of the cells exposed to 5.4
µM of arsenic, αmix, which is the division
rate of a mixed population of normal and
senescent cells. The relationship between
αnormal and αmix can be derived by ﬁrst sum-
ming Equations 3 and 10:
[11]
Because αmix reflected the growth of the
mixed population, which included the grow-
ing normal cells and nongrowing senescent
cells, Equation 11 was rewritten as
[12]
Combining Equations 11 and 12, the frac-
tion of normal cells in the mixed population
was calculated as
[13]
Using Equation 4, this can be rewritten as
[14]
where Tpot, normal is the potential doubling
time for normal cells and Tpot, mix is the
potential doubling time for a cell population
containing normal and senescent cells. The
ratio of senescent cells (S) to total cells (N+S)
was then calculated by Equation 14.
Calculation of senescence rates. We esti-
mated the senescence rates (γ) by optimizing
the model fit to the estimated number of
senescent cells (Equation 3) and normal cells
(Equation 10). The predicted numbers of
senescent cells were veriﬁed compared to val-
ues calculated from Equation 14 (based on
experimental data), whereas the summation
of predicted normal and senescent cells were
veriﬁed by the data calculated from Equation
12. The crowding factor correction for the
third and fourth passage of 5.4 µM-treated
cells had to be modified because the senes-
cent cells occupied much larger areas on the
petri plates than did normal cells. By using
the Nelder-Mead simplex method in an
ACSL program, we optimized the numeric
values of the correction factor and the senes-
cence rates simultaneously to provide the best
ﬁt of the prediction of total and senescent cell
numbers to the experimental data. The mod-
iﬁed correction factor to the division rates of
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Figure 6. The growth of SHE cells when approaching cellular senescence (5.4 µM arsenic-treated cells at fourth passage). (A) Photomicrograph (bar = 100 µm).
(B) Histograms from flow cytometric analysis represent the measurement of DNA content and (C) BrdU incorporation versus DNA content). (D) Parameters
obtained from ﬂow cytometric histogram analysis.
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Dthe normal cells was determined to be 0.37.
The senescence rates were estimated as
0.0101 hr–1 for the third passage and 0.0175
hr–1 for the fourth passage with the corrected
normal cell division rates. All the model para-
meters are summarized in Table 1.
Discussion
Effects of arsenic exposure. In these experi-
ments, exposure to 5.4 µM arsenic led to
senescence rather than immortalization.
Although arsenic is a known human carcino-
gen (19), little evidence has been found for
its carcinogenicity in animal models (20).
However, Ng et al. (21) recently reported
that tumors were observed in C57Bl/6J and
metallothionein knock-out transgenic mice
given sodium arsenate (500 µg As/L ad libi-
tum) in drinking water for up to 26 months.
Malignant tumors were also produced in
Nude mice inoculated with a rat liver epithe-
lial cell line (TRL 1215) after continuous in
vitro exposure to sodium arsenite (0.125,
0.250, and 0.500 µM) for 18 weeks (22).
Cellular senescence induced by arsenic
has not been previously reported. However,
arsenic induced mitotic inhibition in
Chinese hamster ovary cells (23), and induc-
tion of cellular senescence has also been
reported with exposure to radiation (24).
Furthermore, arsenic at certain concentra-
tions caused inhibition, in vivo, of the pro-
motion of preneoplastic lesions in rats (25)
and decreased tumor incidence in mice (26),
although the processes underlying these
effects remain unknown. Mechanisms
involved in the induction of cellular senes-
cence by arsenic in vitro may be related to
the effects observed in vivo.
Model prediction of the growth and
senescence of SHE cells. To model SHE cell
dynamics following lower arsenic exposures,
we incorporated values of the experimentally
determined cell division and death rates into
Equation 1 as the basis for a model that we
used to predict the total cell number. For
this purpose, γ was taken to be zero—i.e.,
senescence was not considered. The model
incorporated a lag phase, where the cell
numbers remains unchanged; this is neces-
sary to reflect the growth characteristics
immediately after replating the cells. During
this period, we observed little or no growth
possibly because the cells adapted in a newly
created cell culture environment. The model
also included the observation that the
growth rate slowed as the cell density
increased (Figure 3). Thus, in the model pre-
diction (Figure 8), there is a lag phase at the
beginning of each passage, followed by a
rapidly growing phase with low cell density.
At higher density, cells grew at a lower rate.
Cells were passaged weekly and another lag
phase started at this point. The value of lag
time (tlag; 41.9 hr) was optimized using the
Nelder-Mead simplex method in an MAT-
LAB program based on experimental data.
The model prediction describes the
growth of control cells and cells exposed to
low arsenic concentrations well. The results in
Figure 8 indicate that there was no signiﬁcant
difference in growth between control cells and
the cell lines treated with three lower concen-
trations of arsenic, 0.5, 1.0, and 2.0 µM. The
cell numbers in these four treatments all fell
in the area represented by the uncertainty of
the model, and agreed with the assumption
that cells did not undergo senescence with
these experimental conditions. The uncer-
tainty of the model was estimated based on
the Tpot standard error (1.75 hr). On the
other hand, SHE cells exposed to 5.4 µM
arsenic grew much more slowly in the third
and fourth passages. This cell line stopped
growing at the fourth passage. Clearly, senes-
cence was an important factor in the growth
of the SHE cell population and the inclusion
of senescence rates was required. With senes-
cence rates applied to the model, the total
number of cells (sum of normal and senescent
cells) were well predicted for cells in the
process of becoming senescent, i.e., cells
exposed to 5.4 µM arsenic at the third and
fourth passages. (Figure 8).
With use of the estimated senescence
rates, the numbers of normal and senescent
cells separately were also predicted for cells
becoming senescent (Figure 9). The simula-
tion for senescent cells, though in agreement
with the trend of the senescent cell numbers
estimated from Equation 14, does not pro-
vide a good quantitative prediction. To
improve further the estimation of senescence
rates, an accurate method for monitoring the
appearance of senescent cells is required.
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Table 1. Model parameters. 
Mutation rate µ
Death rate β Senescence rate γ (immortality/
Division rate α (hr–1)a (hr–1) (hr–1) cell division)
Control and 0–2.0 µM As ln 2/(12.4 + 0.0913 × e0.0432 × tp)2 . 95 × 10–4 0 8.8 × 10–10
5.4 µM As at 3rd passage 0.37 × (0.0544–3.63 × 10–8 × NS + 1.01 × 10–14 × NS2 – 2.25 × 10–21 × NS3)2 . 95 × 10–4 0.0101 8.8 × 10–10
5.4 µM As at 4th passage 0.37 × (0.0544–3.63 × 10–8 × NS + 1.01 × 10–14 × NS2 – 2.25 × 10–21 × NS3)2 . 95 × 10–4 0.0175 8.8 × 10–10
Abbreviations: NS, total number of cells in a 60-mm petri dish; tp, time after passage (hours). 
α, β, and γ were determined experimentally; µ is taken from the literature. Because division rates were inﬂuenced by the density of cells on a plate, equations are required to represent
α at different points in a cell passage.
Figure 7. The effect of senescent cell population
on potential doubling time (Tpot). Potential doubling
times were normalized according to the value
measured at the third day after the fourth passage
in each cell line. Symbols represent normalized
Tpot values.
Figure 8. Model prediction of the growth of SHE
cells. SE = 1.75 hr. Symbols represent corrected
cell numbers of cells exposed to arsenic for 2 days.
Figure 9. Comparison of predicted and measured
cell types during the third and fourth passages of
SHE cells exposed to 5.4 µM arsenic for 2 days. 
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Arsenic exposure has rarely been shown to be
carcinogenic in animal models. On the other
hand, our in vitro experiments demonstrated
that exposure to arsenic induced senescence in
SHE cells. A possible link between these obser-
vations is the hypothesis that mechanisms
responsible for arsenic-induced senescence may
be involved in the apparent inability of arsenic
to induce neoplasia in experimental animals. In
combination with an appropriate human in
vitro system, the SHE cell system could serve as
a tool for comparing differences in carcino-
genic mechanisms of arsenic between labora-
tory animals and humans.
The biologically based dose–response
model developed here successfully predicted
the growth of normal and arsenic-treated SHE
cells. Independent measurements of cell divi-
sion and death rates, determined using ﬂow
cytometry, could be incorporated in the model
to provide predictions that were consistent
with the experimental data. The ﬂow cytomet-
ric methods used here can be applied easily to
other cell lines for modeling purposes.
This model of normal and senescent
cell dynamics can be used for exposure to
other chemicals and for other cell lines. Its
development is the ﬁrst phase of our overall
goal of integrating cellular and mechanistic
studies with computer modeling to develop
a predictive tool for assessing carcinogenic
potentials of chemical and chemical mix-
tures. Work in progress includes the addi-
tion of three more stages of neoplastic
progression in this cell model—immortal,
anchorage-independent growth and tumori-
genic—as well as the related experimental
and computer modeling studies.
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